Effects of Heavy Metals on Benthic Macroinvertebrates in the Cordillera Blanca, Peru by Burgess, George L (George Livingston)
Western Washington University 
Western CEDAR 
WWU Graduate School Collection WWU Graduate and Undergraduate Scholarship 
Spring 2015 
Effects of Heavy Metals on Benthic Macroinvertebrates in the 
Cordillera Blanca, Peru 
George L (George Livingston) Burgess 
Western Washington University, burgesg@students.wwu.edu 
Follow this and additional works at: https://cedar.wwu.edu/wwuet 
 Part of the Environmental Sciences Commons 
Recommended Citation 
Burgess, George L (George Livingston), "Effects of Heavy Metals on Benthic Macroinvertebrates in the 
Cordillera Blanca, Peru" (2015). WWU Graduate School Collection. 414. 
https://cedar.wwu.edu/wwuet/414 
This Masters Thesis is brought to you for free and open access by the WWU Graduate and Undergraduate 
Scholarship at Western CEDAR. It has been accepted for inclusion in WWU Graduate School Collection by an 
authorized administrator of Western CEDAR. For more information, please contact westerncedar@wwu.edu. 
 
EFFECTS OF HEAVY METALS ON 
BENTHIC MACROINVERTEBRATES IN THE  




George Livingston Burgess 
 
Accepted in Partial Completion 
Of the Requirements for the 












Chair, Dr. Ruth Sofield 
 
  
Dr. Robin Matthews 
 
  
Dr. John All 
  
 
MASTER’S THESIS  
In presenting this thesis in partial fulfillment of the requirements for a master’s degree at 
Western Washington University, I grant to Western Washington University the non-
exclusive royalty-free right to archive, reproduce, distribute, and display the thesis in any and 
all forms, including electronic format, via any digital library mechanisms maintained by 
WWU.  
I represent and warrant this is my original work, and does not infringe or violate any rights of 
others. I warrant that I have obtained written permissions from the owner of any third party 
copyrighted material included in these files.  
I acknowledge that I retain ownership rights to the copyright of this work, including but not 
limited to the right to use all or part of this work in future works, such as articles or books.  
Library users are granted permission for individual, research and non-commercial 
reproduction of this work for educational purposes only. Any further digital posting of this 
document requires specific permission from the author.  
Any copying or publication of this thesis for commercial purposes, or for financial gain, is 
not allowed without my written permission.  
 
Signature: George Burgess   
Date  5/22/15    
  
 
EFFECTS OF HEAVY METALS ON 
BENTHIC MACROINVERTEBRATES IN THE  





The Faculty of 
Western Washington University 
 
 
In Partial Fulfillment 
Of the Requirements for the Degree 









Glacial retreat as a result of global climate change is causing ongoing alterations in the 
hydrogeochemistry of streams in the glacial foreland of the Cordillera Blanca mountain range 
in Ancash, Peru. Changes in water chemistry include increased concentrations of toxic metals 
and decreased pH, which have the potential to affect the structure of benthic 
macroinvertebrate communities in impacted streams. This study measured physical-chemical 
water quality parameters, metal concentrations, and macroinvertebrate abundances at 29 
sample reaches throughout seven valleys located in Huascaran National Park. The 
relationships of invertebrate abundances and metrics of community structure to water quality 
parameters, including metal concentrations, were analyzed by non-parametric correlation. 
Several sensitive local taxa were identified, including the Baetidae, Heptageniidae, 
Helodidae, and Tabanidae families, as well as the Oligochaeta. In addition, a regional source 
analysis was conducted for toxic metals, which found six of seven consistently detected 
metals share a common source. Finally, an analysis of the cumulative criterion unit (CCU) 
was performed; CCU, an approach to metal mixture toxicity, can be calculated either on the 
basis of total or dissolved metals. Previous studies in the region used total metal 
concentrations. Invertebrate abundances and metrics correlated about as well or slightly 
better, in general, with CCU computed on the basis of dissolved metals as they did with CCU 
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1 INTRODUCTION 
The world is warming (Blunden and Arndt 2014). Temperatures higher than historical norms 
are already reality for most of the planet. Continued warming will likely be the new normal 
of the next few centuries, and the effects of climate change will extend to nearly every 
physical, chemical, and biological process on the planet (Houghton 2009). While changes in 
climate and weather are more complex than a simple warming trend, and heavily influenced 
by local conditions, the effects of warming have already been observed in numerous contexts 
around the globe. Managing the world’s ecosystems in the face of these myriad changes 
requires understanding climate change’s effects on ecological processes.  
At present, two of the world’s ecoregions provide the most amenable natural laboratory for 
studying climate effects. One is the Arctic, where radiative dynamics are driving climate 
change more rapidly than anywhere else on earth (Comiso 2003) . The other is the alpine 
ecoregion, especially high-altitude tropical mountains, where zonation due to temperature 
and precipitation patterns is small in scale and alterations are more easily observed (Walther 
et al. 2002).  The present study focused on the tropical alpine zone, specifically Huascaran 
National Park, located in the Cordillera Blanca mountain range of Peru, in the Ancash region. 
The Cordillera Blanca is a natural laboratory for the study of climate change’s environmental 
impacts due to its low latitude, high elevation, and relative accessibility.  
1.1 GLACIAL RETREAT 
The worldwide trend of glaciers retreating due to global climate change is extensive and 
well-documented (Oerlemans 1994). Not all glaciers in the world are retreating, and glacial 
dynamics are governed by a host of interacting factors, of which global trends in climate are 
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only one (Williams et al. 1996). However, in general, as temperatures rise glaciers faced with 
longer summers and shorter, less snowy winters have decreased substantially in area and 
thickness, including those in the Cordillera Blanca.   
In 1970, the total glaciated area in the Cordillera Blanca was 721 km
2
, equal to about 26% of 
tropical glacial area worldwide (Kaser and Osmaston 2002). Estimates of glacial cover are 
difficult to obtain any earlier than 1970, due to the lack of modern remote sensing 
techniques, but one attempt places it around 825 km
2
 (Georges 2004).  
Using the Normalized Difference Snow Index method (NDSI) applied to Landsat 5 Thematic 
Mapper imagery, a comprehensive mapping of Cordillera Blanca glaciers showed that glacial 
cover declined to 643 km
2
 by 1987, and to 600 km
2
 by 1996, a 26-year decline of 15% 
(Silverio and Jaquet 2005). A contemporary analysis calculated rates of mass loss, 
incorporating glacial thinning as well as glacial retreat. Mass loss was most intense on 
southwestern aspects of the range, and loss from the glaciers was equivalent to an annual 
reduction in snow-water equivalent precipitation of about 350 mm annually (Mark and 
Seltzer 2005).  
The effects of this kind of retreat on dynamics of stream flow in pro-glacial catchments are 
difficult to predict. A two-factor mixing model analysis showed that even between basins 
with relatively similar glacial cover, the fraction of glacial melt water in streams varied from 
10 to 30% depending on basin characteristics (Mark and Seltzer 2003). Continued glacial 
retreat is likely to lead to more variable stream discharge and a decrease in runoff during the 
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dry season, due to the loss of what is known as “glacial buffering” (Mark et al. 2010). This 
variability is a major source of uncertainty in studying the region’s hydrologic regimes. 
1.2 HYDROCHEMISTRY 
The effects of glacial retreat on water chemistry are highly dependent on substrate. In 
general, glacial and pro-glacial regions tend to generate higher quantities of ionic solutes than 
would be expected for bare rock, which in turn exceeds normal values for soil (Fairchild et 
al. 1999).  Composition of these solutes depends on local conditions; in the case of the 
Cordillera Blanca, the glaciers are underlain in large part by a heavily pyrite-bearing 
quartzite (Baraer et al. 2009), meaning rock exposed by glacial retreat contains large 
quantities of sulfide. When unweathered sulfidic rock is exposed to the atmosphere it 
oxidizes according to Equation 1. 
     ( )      ( )       ( )        (  )        (  )      ( )                   (1) 
This process generates aqueous iron and hydrogen ions, increasing metal concentrations in 
melt water and lowering pH in a process chemically similar to the formation of acid mine 
drainage.  
In addition to iron, other metals can be mobilized from newly exposed rock. Several branches 
of the Rio Quilcayhuanca, a stream in the foreland of retreating glaciers in Huascaran 
National Park, contained elevated concentrations of a number of toxic metals (Fortner et al. 
2011). As this watershed falls under national park auspices, it is unlikely that these 
concentrations are due to mining or industrial activity, so these heightened concentrations are 
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likely due to glacial retreat. This conclusion is further supported by the finding that the same 
stream draws nearly two thirds of its discharge from glacial melt water, and that alterations of 
hydrochemistry by glacial melt were detectable even after discharge into the much larger Rio 
Santa (Burns et al. 2011).  
Ongoing glacial retreat in the Cordillera Blanca is likely to lead to hydrochemical changes in 
other streams besides the Quilcayhuanca. This regional phenomenon has the potential to 
drive ecological responses through the toxic effects of metals and acidity, as mediated by the 
physical, chemical, and biological processes of the region. The systems most likely to be 
affected by the changes are communities of stream benthic macroinvertebrates inhabiting 
high-altitude proglacial catchments. Their physical proximity and connectivity to retreating 
glaciers means effects on them will be the most acute and uncompensated, and the high 
sensitivity of benthic macroinvertebrates to stream hydrochemistry compounds this fact 
(Phipps et al. 1995). 
1.3 MACROBENTHIC ASSEMBLAGES 
The term “benthic macroinvertebrates” refers to a very large and taxonomically diverse array 
of organisms, generally encompassing any bottom-dwelling invertebrate large enough to be 
observed without magnification. In alpine streams, the macrobenthos is dominated by four 
insect orders (Diptera, Ephemeroptera, Plecoptera, and Trichoptera), as well as turbellarians, 
oligochaete worms, nematodes, and various other minor taxa (Ward 1994).  
Among the various taxa that make up benthic macroinvertebrates there exists a wide range of 
sensitivities to numerous water quality parameters, including hydrochemical ones like 
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nutrient loading, dissolved oxygen, and organic and inorganic pollution, and hydrophysical 
ones like temperature, turbidity, and UV irradiation. Because of these differing sensitivities, 
regulatory bodies like the US EPA commonly use macrobenthic community composition in 
stream monitoring, as it is sensitive, low-cost, and time-integrative (US EPA 2013a).   
Studies of the effects of metal contamination on alpine macrobenthic assemblages have 
identified some common themes. As with any type of pollution, assemblage dynamics are 
controlled by the taxonomic sensitivity distribution. As contaminant concentrations rise, taxa 
most sensitive to that contaminant are reduced or eliminated from a site, and are initially 
replaced by more resistant taxa, altering community composition but keeping overall 
abundance relatively constant. Later, as concentrations become intolerable even for the most 
resistant taxa, total abundances drop off, eventually to zero. In a study conducted in the 
Rocky Mountains of Colorado, metals concentrations were found to be an important 
structuring parameter for macrobenthic assemblages, with stoneflies and mayflies being 
displaced at moderate concentrations by metal-tolerant caddisfly families and at higher 
concentrations by highly tolerant Chironomid larvae (Clements et al. 2000).  
A study of the effects of metals from mining waste in the Cordillera Negra mountain range 
found that altitude was an important parameter in structuring macrobenthic assemblages, in 
concert with metals (Loayza-Muro et al. 2010). A similar study in the mountains of New 
Zealand corroborated this result (Hickey and Clements 1998). However, while the overall 
conclusion that metals are important in structuring macrobenthic communities holds broadly, 
it is important to note that the specific nature of the response – which taxa were displaced at 
what concentrations, what took their place, etc. – is strongly dependent on local conditions, 
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and on the regional taxonomic pool from which a particular site draws. Most recently, a 
study conducted in the Cordillera Blanca’s Quilcayhuanca and Rurec Valleys found that 
toxic metals and acidification, likely the result of deglaciation, constrained the structure of 
macroinvertebrate communities in streams there, along with elevation and UV intensity 
(Loayza-Muro et al. 2014). 
That study identified crustaceans, mayflies, caddisflies, and some groups of Diptera as 
sensitive to metals and acidity. These results are broadly consistent with observations in 
Colorado, New Zealand, and elsewhere. Crucially, though, the authors stated that “it is 
difficult to sort out the effect of individual metals or acid pH on the observed assemblage 
responses because of their strong correlation.” A major goal of the present study was to 
address this issue, disentangling the effects of acidity and metal pollution on benthic 
invertebrate communities in the region. To do so, the major step taken was to cover a broader 
geographic range. The Cordillera Blanca is diverse in its geology, glaciology, and degrees 
and modes of human use, so samples in this study were taken from a variety of pro-glacial 
valleys, spanning a range of ecotypes, lithologies, and human impacts to investigate whether 
metals remain a major structuring factor. This framework also accomplishes a secondary goal 
of the study: to investigate the current hydrochemical and benthological status of a variety of 
streams in Huascaran National Park, providing a baseline for future study in a region with a 




2 MATERIALS AND METHODS 
2.1  STUDY AREA 
All sampling was conducted within seven river valleys located in Huascaran National Park in 
the Cordillera Blanca. Samples were collected between 7 July and 14 August, 2014, which is 
during the region’s dry season. Twenty-nine total sites were selected, including six in the 
Quilcayhuanca Valley, three in the Paron Valley, two in the Cojup Valley, one in the Llaca 
Valley, five in the Ulta Valley, six in the Ishinca Valley, and five in the Llanganuco Valley 
(Figures 1 & 2). These valleys cover a range of geologies and are used to varying degrees for 
cropland, stock grazing, and outdoor recreation. All sample sites were located in fast-flowing 
streams less than 0.5 m deep and characterized by gravel-cobble substrate dominated by 
riffles and glides. Most of the streams were largely unshaded at the sampled elevations, 
which ranged from 3900 masl to 4500 masl. The regional has a typical tropical highland 
climate, characterized by a wet (Oct. – Apr.) and dry (May – Sep.) season, low seasonal 










Figure 2: Map of sample sites from Ishinca, Llaca, Cojup, and Quilcayhuanca valleys. 
 
2.2 PHYSICAL-CHEMICAL CHARACTERIZATION 
2.2.1 Field Measurements 
Measurements of pH, temperature, dissolved oxygen, nitrate, and ammonia concentration 
were carried out; for all sites except in the Quilcayhuanca Valley, these measurements were 
obtained using a YSI Professional Plus field meter equipped with ammonium and nitrate ion 
selective electrode probes, a glass combination electrode pH probe, and a galvanic dissolved 
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oxygen probe. In the Quilcayhuanca Valley, field measurements of dissolved oxygen were 
conducted using a Hach Stream Survey Kit, pH measurements using an Oakton Instruments 
pHTestr 2, and ammonium and nitrate were not measured.  
2.2.2 Anion/Cation Concentrations 
Samples were collected in the field for analysis by ion chromatography to determine nutrient 
anion concentrations, and by ICP-MS to determine metal concentrations. Samples for total 
and dissolved metals were taken at each site; total-metal samples were unfiltered, while 
dissolved-metal samples were filtered through 0.45 µm Fisherbrand PVDF filters, and both 
were acidified using 70% trace metal grade nitric acid and stored in 15 mL polypropylene 
centrifuge tubes. Samples for anion analysis were taken from the same filtered aliquot and 
stored in 2 mL polypropylene microcentrifuge tubes. 
Sample analysis was conducted at Western Washington University in Bellingham, 
Washington. Total and dissolved metal concentrations were analyzed by ICP-MS (Agilent 
7500ce) equipped with an octopole reaction cell for interference suppression. Anion 
concentrations were analyzed by ion chromatography using a Varian Prostar 240 pump 
attached to a 4 x 150 mm Dionex Ion Pac analytical column equipped with a Waters 432 
conductivity detector. 
2.3 INVERTEBRATE SAMPLING 
At each sample site, a 100 m long reach was measured off, within which six 
macroinvertebrate subsamples were taken at random distances along the reach; location 
laterally within the stream was chosen ad hoc to obtain subsamples from a variety of 
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substratum types. Sampling was conducted using a 30 cm x 30 cm Surber sampler equipped 
with a 0.5 mm net. Subsamples were composited and preserved in 95% (v/v) ethanol. 
Samples were sorted in the lab using an Olympus SX51 dissecting stereomicroscope and all 
individuals were identified. Insects were identified to family level; non-insect invertebrates 
including amphipods, oligochaete worms, and leeches were identified to order or sub-class, 
as these taxa appeared monotypic or nearly so within samples collected here, and the 
information required for definitive family-level identification is lacking on Peruvian streams.  
In addition to raw taxonomic abundances, the following metrics of benthic community 
composition were computed: total abundance for all taxa; taxonomic richness; pooled 
abundance of the Ephemeroptera (mayfly), Plecoptera (stonefly), and Trichoptera (caddisfly) 
orders, known as the EPT taxa; the percentage of all individuals at a site belonging to the 
EPT taxa; and the number of EPT taxa present. 
2.4 STATISTICAL ANALYSIS 
All statistical analyses were conducted using the R statistical package (R Core Team 2014). 
Invertebrate abundances were square-root transformed prior to analysis to attenuate the 
influence of outliers and reduce heteroscedasticity. Square-root transformation was chosen 
over log(x + 1) transformation to avoid over-representing taxa with frequent abundances of 0. 
2.4.1 Metal Source Analysis  
Factor analysis uses either a covariance or correlation matrix to reduce the dimensionality of 
a dataset to a user-provided number of factors. Factors are composed from linear 
combinations of input variables; covarying variables are loaded together into factors, which 
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ideally represent unobserved variables that drive multivariate responses in the observed 
dataset (Olmez et al. 1994). 
In the present study, factor analysis was performed on total-metal concentrations using a 
correlation matrix and Varimax rotation. Extracted factors represent likely sources for groups 
of metals whose concentrations are correlated.   
2.4.2 Metal Mixtures & Cumulative Criterion Units 
Preliminary results and previous studies in the region (Loayza-Muro et al. 2013) indicated 
potentially toxic concentrations of a number of different metals, so a cumulative measure of 
metal concentration using a toxic units approach was needed for analysis of toxic effects of 
the metals mixture. The approach chosen was the “cumulative criterion unit” (CCU) of 
Clements et al. (2000), in which metal concentrations are normalized into criterion units by 
dividing by the corresponding US Environmental Protection Agency criterion value for 
chronic toxicity to aquatic life, and then summed as in Equation 2, where mt is the total 
recoverable metal concentration and ct is the criterion value for that metal as total 
recoverable metal.  
                        (2) 
Because metal bioavailability and toxicity are modulated by water hardness, site-specific 
values were developed where appropriate (for Cr, Cu, Pb, and Zn) according to USEPA 
guidelines (US EPA 2013b). 
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A high fraction of total metals was present in the particulate (non-dissolved) phase at sample 
sites outside the Quilcayhuanca Valley. To explore the effects of particulate vs. dissolved 
metals, CCU was also calculated at each site on the basis of dissolved metals (Equation 3), 
where md is the dissolved metal concentration in each sample and ct/d is the chronic criterion 
value for that metal as dissolved metal when available and as total recoverable metal for Al 
and Fe. These values are referred to hereafter as CCU-Dis, and values derived from total 
recoverable metal concentrations are referred to as CCU-Tot.   
                         (3) 
2.4.3 Effects on Benthic Invertebrates 
Kendall’s tau correlation was used to analyze the relationship between metal concentrations 
(as measured by CCU-Tot and CCU-Dis) and macroinvertebrate abundances/metrics of 
community composition. This non-parametric correlation method was chosen due to 
heteroscedasticity in abundance data. Kendall’s tau analysis was also used to analyze 
relationships between physical-chemical parameters (pH, DO, and temperature) and 
abundances of major invertebrate taxa (Baetidae, Heptageniidae, Chironomidae, Simuliidae, 
Hydrobiosidae, and Limnephilidae), as well as metrics of community composition. For all 
correlations, data from the Quilcayhuanca Valley were excluded, as water quality and 
community composition at those sites represented clear outliers relative to other valleys.  
2.4.4 Principal Components Analysis 
Principal components analysis was performed on square-root-transformed invertebrate 
abundance data, using a correlation matrix. To isolate the effects of metals from pH, data 
14 
 
from the Quilcayhuanca Valley were excluded from PCA. The first principal component 




3.1 PHYSICAL-CHEMICAL MEASUREMENTS 
Most sampled streams were quite similar in their physical-chemical characteristics, with one 
major exception. While dissolved oxygen and temperature values were relatively consistent, 
pH values in the Quilcayhuanca Valley were below 3.8 at all sampled reaches (Table 1). 
These values are consistent with previous studies conducted in Quilcayhuanca (Fortner et al. 
2011). In other valleys, pH varied from neutral to slightly alkaline.  
Table 1: Physical-chemical parameters in sampled valleys. Mean (standard deviation). 
Valley pH DO (mg/L) Temp ( °C) 
Cojup 7.95 (0.14) 6.7 (0.14)  10.4 (0.14) 
Ishinca 8.05 (0.13) 7.2 (0.20)  7.3 (1.21) 
Llaca 7.65 (N/A) 6.6 (N/A)  10.6 (N/A) 
Llanganuco 7.90 (0.24) 7.4 (0.45)  7.5 (1.71) 
Paron 7.09 (0.60) 7.8 (0.15)  6.8 (0.76) 
Quilcayhuanca 3.65 (0.12) 6.8 (0.75)  6.6 (1.72) 
Ulta 7.63 (0.23) 7.9 (0.34) 5.4 (1.95) 
 
For ranges of these variables found outside of Quilcayhuanca, no significant correlations 
were observed between pH, DO, or temperature and the abundance of any of the seven taxa 
listed in 2.4.3, or with total abundance, EPT abundance, or percent EPT (Kendall’s tau, p > 
0.10). 
3.2 METAL CONCENTRATIONS 
3.2.1  Dissolved and Total Metal Concentrations 
Concentrations of metals varied widely between sampled valleys, both in total concentration 
and in partitioning between the dissolved and particulate phases.  For almost all measured 
metals, concentrations were higher in Quilcayhuanca than in any other valley, with the 
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exception of Mo. Additionally, at Quilcayhuanca sites, the dissolved phase accounted for a 
high percentage of total metal content for Al, Fe, Zn, and other metals (Tables 2 & 3). In 
contrast, at other sites, while the highly soluble group 1 and 2 metals showed the same 
pattern, concentrations of Al, Fe, and Zn were dominated by the particulate fraction.  
Table 2: Mean concentrations of metals used in CCU calculations. All values in mg/L. 
  Al Cr Fe Ni Cu Zn Pb 
 
Quilcayhuanca 
Dissolved 2.377 0.003 3.971 0.048 0.009 0.383 0.004 
Total 2.391 0.003 4.554 0.048 0.009 0.378 0.004 
% Diss. 99.4 100.0 87.2 100.0 100.0 101.3 100.0 
 
Other Sites 
Dissolved 0.102 0.003 0.063 0.000 0.001 0.003 0.000 
Total 0.616 0.003 0.559 0.000 0.001 0.009 0.001 
% Diss. 16.6 100.0 11.3 N/A 100.0 33.3 0.0 
 
Table 3: Mean concentrations of metals not used in CCU calculations. All values in mg/L 
  Na K Mg Ca Mn Mo Ag Ba 
Quilcayhuanca Dissolved 1.583 0.575 7.664 20.805 1.104 0.000 0.002 0.005 
Total 1.513 0.572 7.570 20.590 1.095 0.000 0.002 0.005 
Other Sites Dissolved 1.270 0.620 1.039 8.922 0.010 0.003 0.000 0.005 
Total 1.175 0.763 1.160 8.456 0.027 0.003 0.000 0.010 
 
 3.2.2 Factor Analysis 
Factor analysis was used to assess whether different toxic metals throughout the study area 
originate from a common source type.  Given the variability in pH between sites and the 




 Factor 1 accounted for 46.5% of the variance in the data, and included high variable loadings 
for Al, Fe, Ni, Cu, Zn, and Pb – six of the seven metals used in CCU calculations – as well as 
Mg, Ca, Mn, and Ag (Table 4). Factor 2 accounted for 17.0% of the variance, and included 
high variable loadings for K, V, and Ba. The seventh CCU metal, Cr, was loaded 
predominantly on Factor 3, along with Na; Factor 3 accounted for 10.8% of the total 
variance.  
Table 4: Factor loading for metals. Loadings with magnitude greater than 0.70 are indicated in bold. Only 
loadings with magnitude of 0.10 or greater are displayed. 
Metal Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 
Na 0.19 0.18 0.79 -0.12    
Mg 0.92 -0.12 0.21 -0.10 -0.25   
Al 0.87 0.44   -0.16  
 K -0.13 0.84 0.50     
Ca 0.80 -0.27 0.50 0.10    
V  0.96 0.19     
Cr 0.14 0.40 0.73 0.13 0.17  0.16 
Mn 0.95 -0.13  -0.23    
Fe 0.75  
 
  0.65  
Ni 0.94 -0.16  -0.22 -0.15   
Cu 0.89  0.12 -0.20 -0.13 -0.21 -0.29 
Zn 0.95 -0.14  -0.21 -0.16   
Mo -0.33  0.13 0.15 0.90  
 Ag 0.84 0.16 0.21 0.07 0.14 0.18 
 Ba  0.70  0.69   
 Pb 0.78 0.45  0.26 -0.21  0.21 
U -0.35   0.55 0.12   
 
3.2.3 Cumulative Criterion Units 
Within the Quilcayhuanca Valley, CCU values ranged from 25 to 65, with an average of 
39.0. Because dissolved metal concentrations at these sites were always > 85% of total 
metals, calculations of CCU based on dissolved metals were essentially identical to those 
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based on total metals (Figure 3). Al was the largest contributor to CCU in Quilcayhuanca, 
contributing 60 to 75% of the total, followed by Zn (6 – 12%) and Pb (6 – 8 %).  
Outside of Quilcayhuanca, CCU values were much lower, with only one sample exceeding a 
CCU of 25. For these sites, the difference between CCU computed based on dissolved vs. 
total metals was much more pronounced (Figure 4). When particulate metals were excluded, 




Figure 3: Contribution of metals to CCU at sites in the Quilcayhuanca Valley, as calculated using total (CCU-
Tot, top) and dissolved (CCU-Dis, bottom) metal concentrations. 
 
 
Figure 4: Contribution of metals to CCU at sites outside Quilcayhuanca, as calculated using total (CCU-Tot, 




As in Quilcayhuanca, Al contributed the most to CCU in all other valleys, whether based on 
dissolved (contributes 81% on average) or total metals (contributes 76% on average). For 
CCU based on total metals (CCU-Tot), Cr contributed 4% and Fe 6% of total units on 
average; for CCU based on dissolved metals (CCU-Dis), these values were 12% and 4%, 
respectively. No Ni measurements, and only a few Cu and Pb measurements, exceeded 
quantification limits outside Quilcayhuanca. The spatial distributions of CCU-Tot and CCU-





Figure 5: Spatial distribution of cumulative criterion unit (CCU-Tot and CCU-Dis) values. Colors indicate elevation 





3.3 BENTHIC MACROINVERTEBRATES 
3.3.1 Summary 
In total, eighteen invertebrate taxa were present in benthic samples. The insect orders Diptera 
(Chironomidae, Simuliidae, Tabanidae, Tipulidae, Ceratopogonidae, Blephariceridae, 
Dolichopodidae), Ephemeroptera (Baetidae, Heptageniidae), Plecoptera (Perlodidae), 
Trichoptera (Hydrobiosidae, Limnephilidae), and Coleoptera (Elmidae, Helodidae) were all 
represented, as well as the Oligochaeta, Hirudinea, and Amphipoda. The families Baetidae, 
Heptageniidae, Chironomidae, and Elmidae were the most numerically dominant taxa at 
most sites. 
Table 5: Macroinvertebrate abundances and taxonomic richness by valley. Abundances are given as mean 
(standard deviation). Richness is for all samples within given valley. 









Cojup 5055 (125) 955 (94) 14 
Ishinca 3129 (674) 2394 (404) 17 
Llaca 3000 (N/A) 2588 (N/A) 11 
Llanganuco 9129 (6268) 7587 (6335) 18 
Paron 6611 (4456) 2196 (1306) 15 
Quilcayhuanca 68 (53) 9 (13) 10 
Ulta 7813 (5426) 4826 (2692) 17 
 
Total invertebrate abundance and abundance of the EPT taxa were quite variable, both 
between and within valleys. Most strikingly, at sites within the Quilcayhuanca Valley, total 
abundance was lower than in other valleys by two orders of magnitude (Table 5). 
3.3.2 Metal Effects on Benthic Communities 
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To compare the two methods used to calculate CCU, two sets of analyses were conducted. 
The association between taxonomic abundances – as well as several metrics of community 
composition – and CCU was tested by computing Kendall’s tau correlation coefficient for 
both CCU-Tot and CCU-Dis. In addition, principal components analysis (PCA) was used to 
reduce the dimensionality of invertebrate data and explore the effects of metals in 
multivariate space. In both analyses, data from Quilcayhuanca were excluded in an attempt to 
isolate the effects of metals from the toxic effects of the low pH in that valley, and to avoid 
spurious correlations between metal-sensitive and metal-tolerant taxa. 
3.3.2a Correlation Analysis 
The results of correlation analysis are summarized in Table 6 and displayed graphically in 
Figures 6 and 7. Relatively few abundance-metal correlations were significant at the 0.05 
level, and only two, the Helodidae and Heptageniidae, were significant for both CCU-Dis 
and CCU-Tot.  These families showed the most strongly negative response to metals. The 
Tabanidae also displayed a negative response, though it was only statistically significant for 
CCU-Dis. The same was true of the mayfly family Baetidae, which showed no correlation 
with CCU-Tot. Abundance of Oligochaeta was negatively correlated with both metrics, but 
only significantly for CCU-Tot. Using both metrics, the abundance of Limnephilidae was 
positively correlated with metal concentration, but only the correlation with CCU-Tot was 
significant. Persistent heteroscedasticity in the data, even upon transformation, required the 
use of Kendall’s tau, a much less powerful correlation method than Pearson’s r. Because of 




Table 6: Kendall’s tau values for correlation of taxon abundances/community metrics with CCU calculated by 
total-metal and dissolved-metal methods. Correlations significant at the 0.05 level are indicated in bold. 
Valley CCU-Total CCU-Dissolved 
Simuliidae 0.053 0.061 
Chironomidae -0.179 0.163 
Empididae -0.115 0.013 
Tabanidae -0.159 -0.363 
Ceratopogonidae -0.124 -0.062 
Tipulidae 0.072 0.014 
Blephariceridae 0.104 -0.060 
Dolichopodidae 0.086 0.259 
Hydrobiosidae -0.128 0.244 
Limnephilidae 0.374 0.157 
Elmidae -0.040 -0.202 
Helodidae -0.485 -0.454 
Heptageniidae -0.353 -0.329 
Baetidae 0.083 -0.336 
Perlodidae 0.110 -0.053 
Oligochaeta -0.472 -0.214 
Hirudinea 0.092 -0.125 
Amphipoda -0.030 -0.219 
Total Abundance -0.186 -0.209 
EPT Abundance 0.028 -0.249 






Figure 6: Response of major taxa, total abundance, EPT abundance, and percent EPT to CCU-Tot. Abundance 





Figure 7: Response of major taxa, total abundance, EPT abundance, and percent EPT to CCU-Dis. Abundance 




3.3.2b Principal Components Analysis 
 
Figure 8: Principal components biplot for invertebrate abundance at sites outside Quilcayhuanca. Closed circles 
represent samples, open circles represent component loadings for invertebrate taxa.  
 
Principal components analysis (PCA) was applied to invertebrate abundance data to reduce 
dimensionality and analyze metal effects in multivariate space. PC I accounted for 21.6% of 
total variance, with PC II accounting for 20.1 % (Figure 8). 
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The first principal component from this analysis was regressed against CCU-Tot and CCU-
Dis. The adjusted r
2
 value for CCU-Tot was -0.04 (essentially zero), with a p-value of 0.94 (t 
= 0.069, 21 df), whereas for CCU-Dis, the r
2
 was 0.22, with a p-value of 0.012 (t = -2.72, 21 
df) (Figure 9). 
 
Figure 9: First principal component of invertebrate abundance vs. both CCU types. Data from Quilcayhuanca 







4.1 METAL SOURCE ANALYSIS 
Factor analysis of metal cation concentrations was used to conduct a rough preliminary 
source analysis of CCU metals throughout the study area. Since the present study seeks to 
expand on previous studies of effects in the Quilcayhuanca Valley, which is heavily impacted 
by geogenic metals (Burns 2010), it is useful to understand how the sources of metals to 
other valleys compare to those in Quilcayhuanca. Though they are grouped together by 
chemical type and mechanism of toxicity, studies have found that, in a given region, many 
different sources can contribute to toxic metals in surface water (Simeonov et al. 2003; 
Muhammad et al. 2011). Some potential sources include mining activity, trekking activity or 
agriculture (from metal gear), or atmospheric transport from lower elevations, as well as 
alternate geogenic sources. 
The results of factor analysis indicate a single predominant source for the majority of toxic 
metals that were observed above detection limits. As Table 4 shows, all but one (Cr) of the 
CCU metals, as well as Mn and Ag, were jointly explained largely by Factor 1. Few of these 
metals were loaded strongly into other factors, except Fe (0.65 into Factor 6), which 
represents a very minor source, given the low percentage of the total variance accounted for 
by Factor 6.  
Because of the extremity of conditions in the Quilcayhuanca Valley, environmental analyses 
that include Quilcayhuanca sites as part of a larger dataset run the risk of being “swamped” 
by its signal and missing opposing or orthogonal patterns outside of it. Therefore, the same 
factor analysis was performed on the metals dataset with Quilcayhuanca sites removed. 
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Because the results are largely redundant with Table 4, they are not included here, but are 
available in Supplementary Information. A few differences were observed, including slightly 
less strong loading of Ni into Factor 1 and decreased correlation between toxic metals and 
Mg/Ca. In general, however, the same pattern was observed as for the full dataset, with all 
the CCU metals but Cr loading into Factor 1, a strong association between Cr and Na, and a 
factor devoted almost entirely to Mo. The consistency of these results indicates that toxic 
metal concentrations, both within the Quilcayhuanca Valley and elsewhere in the study area, 
are largely driven by a single source. Given the distance of most sample sites from roads, the 
national park ban on mining activity, and the results of previous studies in Quilcayhuanca, it 
is likely that this source is geologic metal leaching, possibly as a result of glacial recession. 
4.2 METAL CONCENTRATIONS AND SPECIATION  
Concentrations of dissolved and total metal ions – including CCU metals – at Quilcayhuanca 
sites closely matched those measured by Fortner et al. (2011) in the same vicinity and the 
same season (July/August) six years earlier. Measurements of pH were also consistent, in the 
3.0-3.8 range. In this study as in that one, Fe was the only metal for which the particulate 
fraction contributed more than 10% of total metal.  
By contrast, in addition to much lower total metal concentrations, sites outside 
Quilcayhuanca exhibited very different patterns of speciation. At these sites the three most 
abundant CCU metals were all dominated by the particulate fraction – Al (32% dissolved), 
Fe (18% dissolved), and Zn (26% dissolved). These differences in speciation are very likely 
the result of the low pH values in Quilcayhuanca, and resulting changes in metal solubility. 
While metal phase dynamics are sensitive to a number of parameters, including temperature, 
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redox potential, and anion concentrations, the solubility of hydroxides of aluminum, iron, and 
zinc all reach minima between 6 and 9 on the pH scale (Smith 2007). This means all three of 
these metals are much more soluble in the waters of the Quilcayhuanca Valley than in other 
streams. Alternately, the trend could result from differences in dissolution kinetics; if metals 
are present in headwaters mostly as particulate matter and dissolve at a pH-dependent rate as 
they move downstream, that could also account for the differences in speciation at sample 
sites. In either case, the pH is likely responsible. 
While metal concentrations were measured only in the dry season in this study, the seasonal 
dynamics of metals concentrations are of great interest for understanding metals 
ecotoxicology in the region. Previous studies of metal impacts in the Quilcayhuanca and 
Rurec Valleys found only slight differences in metal concentrations between the dry and wet 
seasons ((Loayza-Muro et al. 2014). For nearly all measured metals, concentrations were 
slightly (~5-10%) lower during the wet season, consistent with slight dilution of glacial 
meltwater by rain and snowfall. Given that metals in other valleys have been identified as 
sharing a common source, it seems reasonable to assume that these results would hold true 
outside Quilcayhuanca. 
4.3 CCU: DISSOLVED VS. TOTAL METALS  
Differences in phase dynamics from site to site have potentially major implications for the 
investigation of the ecological effects of metals. There is considerable disagreement in the 
literature over the appropriateness of using dissolved or total metal concentrations in 
exposure-response relationships. When initially developed, calculations of CCU were based 
on total recoverable metal concentrations (Clements et al. 2002). The same approach was 
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used in experimental mesocosm studies aimed at establishing a causal link between metals 
and benthic community structure (Clements 2004). However, more recent field and 
laboratory studies have employed a CCU calculated from dissolved metal concentrations 
(Buchwalter et al. 2007), and efforts to refine the CCU method to incorporate metal 
speciation have focused on the toxicity of free metal ions (Schmidt et al. 2010; Iwasaki et al. 
2013). So far, all studies of Peruvian taxa that used the CCU framework have calculated it on 
the basis of total metals (Loayza-Muro et al. 2010; Loayza-Muro et al. 2014).   
For dissolved metals, toxicity is generally believed to arise from an ion-ligand interaction 
occurring at gas exchange surfaces, a mechanism thought to be common to numerous toxic 
metals (Slaveykova and Wilkinson 2005). This shared mechanism is a major theoretical 
underpinning of the CCU framework and its assumed additivity of effects. Whereas this 
mechanism is well-studied and, for some metals, quantitatively parameterized to incorporate 
ion chelation and competition at the receptor via the biotic ligand model (Di Toro et al. 
2001), the toxic effects of particulate metals to benthic invertebrates are poorly understood. 
This is due in part to the tremendous diversity of solid species that contain metals, including 
both particles that include metals compositionally and particles to which metals are sorbed. 
In most studies, effects have been attributed to a “smothering” and “clogging” effect of the 
bulk phase material at respiratory surfaces (DeNicola and Stapleton 2002).  For burrowing 
invertebrates, assimilation of metal ions from particles either by contact or ingestion may 
play a role in toxicity (Lee et al. 2000).  
Given the differences in metal speciation between valleys, the appropriateness of using a 
total-metals approach, rather than dissolved-metals, is highly relevant to an understanding of 
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metal effects on the macrobenthos of the Cordillera Blanca. For this reason, both CCU-Tot 
and CCU-Dis were calculated. Both were normalized using EPA chronic criterion 
concentrations. For CCU-Tot, criterion values for total recoverable metals were used, as total 
criteria are published for all seven relevant metals. For CCU-Dis, total/dissolved conversion 
factors were applied to derive dissolved criteria for the five metals for which they are 
available: Cr, Cu, Ni, Zn, and Pb. No conversion factors, and no dissolved-metal criteria, are 
published by the EPA for Al and Fe, however, so total-metal criterion values were used in 
calculating the contributions of these two metals to CCU-Dis.  
Other jurisdictions do promulgate standards for dissolved Al and Fe, notably the Canadian 
province of British Columbia (Butcher 1988; Phippen et al. 2008). For circumneutral waters, 
dissolved criteria for Al and Fe are set at 0.05 mg/L and 0.35 mg/L, respectively, in contrast 
to the values (USEPA total metal criteria) used for calculations here: 0.087 mg/L and 1.0 
mg/L. While using these values would be mechanistically more appropriate, there are several 
reasons not to do so. Foremost is the fact that these concentrations are established in British 
Columbia for different exposure durations – thirty days as opposed to four – and derived 
using different protocols than those of the USEPA.  
Observing the trends in Table 6, a few conclusions can be drawn. First, neither CCU-Tot nor 
CCU-Dis was consistently more strongly correlated with individual taxa. For basic metrics of 
community composition, correlation was better for CCU-Dis, but not dramatically so, and 
none of those correlations was significant at the 0.05 level. The two metrics have correlations 
of opposite sign for several taxa, most prominently the Hydrobiosidae, Chironomidae, and 
Baetidae. Overall, based on these data, neither CCU-Tot nor CCU-Dis is a substantially 
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better predictor of macrobenthic abundances. As with factor analysis, data from 
Quilcayhuanca were excluded from these tests, both to isolate the effect of metals from pH 
and to avoid “swamping” the data with extreme values, and as in that case, reintroducing 
those data did not affect the overall results (see Supplemental Information). 
The strongest evidence for favoring one metric over the other comes from the regression of 
the first invertebrate principal component against CCU-Tot and CCU-Dis. Though this does 
not provide any generalizable information about the mechanism of toxic metal effects, it does 
reduce the dimensionality of the invertebrate data, allowing for a more straightforward 
comparison of the predictive power of the two metrics. Whereas no relationship was 
observed for CCU-Tot, CCU-Dis shows a significant negative relationship with PC I, with an 
r
2
 value of 0.22. Taking this result into account, it appears that in this area, CCU-Dis is either 
about as strongly related to benthic community composition as CCU-Tot, or somewhat more 
strongly. It is, at least, difficult to conclude that it is any worse a predictor of macrobenthic 
abundances.    
These results underscore the importance of speciation dynamics to the interpretation of 
environmental toxicology data for metals. Both CCU-Dis and CCU-Tot identify several 
significant individual taxonomic responses to metals. However, the range over which that 
response occurs is tens of criterion units in the case of CCU-Tot, as opposed to three to four 
criterion units in the case of CCU-Dis. In addition, for CCU-Dis, substantial changes in 
community composition appear to occur at CCU values below 1, a theoretical threshold that 
should be protective of aquatic life (Figure 9).  Given the frequent use of benthic 
macroinvertebrates as indicators of environmental degradation, reconciling this difference is 
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an important step in defining exposure-response relationships for benthic communities of this 
region. Fortunately, advances in incorporating phase behavior and bioavailability of metals in 
environmental toxicology are ongoing, including the development of the chronic criterion 
accumulation ratio (Schmidt et al. 2010), which refines the CCU approach by incorporating 
biotic ligand modeling into calculations of criterion values, and the WHAM-HA method 
(Iwasaki et al. 2013), which models metal toxicity based on computationally predicted 
binding to humic acid (a biotic ligand proxy). 
4.4 TRENDS IN MACROBENTHIC RESPONSE 
Given the correlation of invertebrate PC I with CCU-Dis, the horizontal axis of Figure 8 can 
be interpreted as an ordination of taxa on the basis of metal tolerance. Individual responses of 
these taxa can be seen in Figures 6 and 7. Sensitive taxa included the mayfly families 
Baetidae and Heptageniidae, which is consistent with observations from studies in the 
Cordillera Blanca (Loayza-Muro et al. 2014), the Rocky Mountains of Colorado (Clements et 
al. 2000), and in New Zealand (Hickey and Clements 1998). The Ephemeroptera are 
traditionally considered one of the most sensitive insect orders to pollution, so this result is 
unsurprising. Several Dipteran families were among the most metal-tolerant taxa, most 
prominently the Chironomidae, along with the Empididae, and Dolichopodidae. The 
Tabanidae and Ceratopogonidae were more metal-sensitive Dipteran families. These results 
are also consistent with trends observed in the above studies for these taxa. 
Oligochaete worms were identified as a metal-sensitive group, in sharp contrast to the results 
of Loayza-Muro et al., which found them to be among the most metal-tolerant taxa. A few 
factors might account for this discrepancy. For one, metal-rich sites in that study, in the 
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Quilcayhuanca and Rurec Valleys, all had reduced pH levels, and thus likely a lower 
concentration of particulate metals. If the Oligochaeta are especially sensitive to the 
particulate phase, that might explain this result. In addition, worms are far less well-dispersed 
than, for example, Dipteran taxa; the difference might be due to evolved resistance or a more 
resistant species profile in more heavily impacted valleys like Quilcayhuanca and Rurec. 
Numerous studies have documented both rapidly evolved resistance to metals in 
Oligochaetes and the rapid loss of resistance upon reductions in ambient metal concentrations 
(Klerks and Levinton 1989; Wallace et al. 1998). 
One of the most difficult groups to interpret is the order Trichoptera, represented in this study 
by the families Hydrobiosidae and Limnephilidae. The Hydrobiosidae are free-living 
predatory caddisflies, and a sister family to the Rhyacophilidae. In Quilcayhuanca/Rurec, 
they were identified as a metal-sensitive family, and in Colorado, the Rhyacophilidae also 
showed strong metal sensitivity. However, ordination on principal components identifies the 
family as one of the most metal-tolerant, along with the Limnephilidae. Further investigation 
is needed to clarify the nature of metal response in the caddisflies. 
4.5 CONCLUSIONS AND FUTURE WORK 
The goals of this study were 1) to assess whether metals in surface streams of different 
valleys of the Cordillera Blanca originate from a common source type, 2) to investigate the 
role of metal speciation in predicting their ecological effects, and 3) to expand upon the 
geographic extent of previous studies and explore the effects of metals on the macrobenthos 
of the Cojup, Ishinca, Llaca, Llanganuco, Paron, and Ulta Valleys. 
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1. The results of factor analysis indicate a common source for six of the seven metals 
considered in the CCU framework here. This source is likely metal leaching from 
sulfide-rich rock, and may be related to ongoing glacial recession in the region. 
Future work incorporating geospatial analyses would be valuable in elucidating the 
potential relationship between global and landscape-scale changes and stream 
chemistry. 
2. Given patterns in metal speciation in the study area, large differences are observed 
between CCU calculated using dissolved vs. total metal concentrations. In this 
setting, CCU-Dis appears to be as good or better a predictor of benthic community 
structure. Ultimately, the results raise more questions than they answer, but they 
provide a point of departure for further refinement of the toxic units approach to 
metals. 
3. Several taxa were identified as metal-sensitive, including the Baetidae, 
Heptageniidae, Helodidae, Oligochaeta, and Tabanidae. Metal-resistant taxa included 
the Chironomidae, Empididae, Hydrobiosidae, and Limnephilidae. Samples were 
taken from throughout the Cordillera Blanca in a range of settings; these data can 
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Table SI-1: Factor loading for metals from analysis excluding Quilcayhuanca data. Loadings with magnitude 
greater than 0.70 are indicated in bold. Only loadings with magnitude of 0.10 or greater are displayed. 
Metal Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 
Na 0.13 0.93 0.20 
 
   
Mg 0.33 0.24 0.84 
 
-0.31 0.12  
Al 0.98 0.14   
 
0.13 
 K 0.71 0.56 0.17 -0.20  0.30 0.15 
Ca -0.14 0.42 0.80 0.16 0.25 -0.14  
V 0.86 0.39 
 
-0.18  0.28  
Cr 0.32 0.78 0.35 0.15 0.20 0.10 -0.10 
Mn 0.92 0.27  
 
-0.19   
Fe 0.94 0.22 
 
-0.18 -0.14 0.11  
Ni 0.59 0.15 0.52 -0.53 -0.18  0.19 





Zn 0.92 0.22 0.13 
 
-0.28  -0.10 
Mo -0.16 0.18 
  
0.89  




















Table SI-2: Contributions of metals to CCU-Dis, as shown in Figures 3 and 4. 
Valley Al CCU Cr CCU Fe CCU Ni CCU Cu CCU Zn CCU Pb CCU CCU 
Quilcayhuanca 20.74 0.05 0.90 0.92 1.16 3.31 0.00 27.07 
Quilcayhuanca 29.30 0.05 2.67 1.48 1.15 4.37 3.40 42.42 
Quilcayhuanca 25.70 0.05 0.62 1.12 1.83 4.01 2.28 35.60 
Quilcayhuanca 19.08 0.04 0.52 0.77 1.42 3.16 0.00 24.99 
Quilcayhuanca 26.75 0.03 5.60 0.94 1.16 3.42 1.31 39.21 
Quilcayhuanca 42.33 0.03 13.52 1.29 0.95 4.49 2.13 64.74 
Paron 1.89 0.09 0.03 0.00 0.00 0.00 0.00 2.02 
Paron 1.35 0.07 0.02 0.00 0.00 0.00 0.00 1.44 
Paron 1.71 0.24 0.03 0.00 1.41 0.26 0.00 3.66 
Llaca 3.35 0.30 0.16 0.00 0.00 0.00 0.00 3.80 
Cojup 0.50 0.09 0.07 0.00 0.00 0.00 0.00 0.67 
Cojup 0.78 0.17 0.04 0.00 1.14 0.70 0.00 2.84 
Ulta 2.36 0.21 0.11 0.00 0.00 0.00 0.00 2.68 
Ulta 2.02 0.11 0.41 0.00 0.00 0.00 0.00 2.54 
Ulta 0.40 0.06 0.05 0.00 0.00 0.00 0.00 0.51 
Ulta 1.34 0.07 0.09 0.00 0.00 0.00 0.00 1.51 
Ulta 1.47 0.10 0.07 0.00 0.00 0.00 0.00 1.64 
Ishinca 1.35 0.11 0.04 0.00 0.00 0.00 0.00 1.50 
Ishinca 0.93 0.08 0.03 0.00 0.00 0.00 0.00 1.04 
Ishinca 0.64 0.10 0.03 0.00 0.00 0.00 0.00 0.78 
Ishinca 0.88 0.13 0.01 0.00 0.00 0.00 0.00 1.02 
Ishinca 0.37 0.12 0.04 0.00 0.00 0.00 0.00 0.53 
Ishinca 0.87 0.11 0.01 0.00 0.00 0.00 0.00 0.99 
Llanganuco 0.27 0.11 0.03 0.00 0.00 0.00 0.00 0.41 
Llanganuco 0.28 0.11 0.00 0.00 0.00 0.47 0.00 0.85 
Llanganuco 1.41 0.11 0.04 0.00 0.00 0.00 0.00 1.56 
Llanganuco 0.26 0.00 0.00 0.00 0.00 0.00 0.00 0.26 
Llanganuco 2.07 0.07 0.10 0.00 0.00 0.00 0.00 2.23 





Table SI-3: Contributions of metals to CCU-Tot, as shown in Figures 3 and 4. 
Valley Al CCU Cr CCU Fe CCU Ni CCU Cu CCU Zn CCU Pb CCU CCU 
Quilcayhuanca 20.21 0.04 1.17 0.88 1.13 3.20 0.00 26.63 
Quilcayhuanca 29.99 0.05 3.06 1.45 0.83 4.30 3.57 43.26 
Quilcayhuanca 25.05 0.05 0.69 1.10 1.82 3.90 2.28 34.88 
Quilcayhuanca 20.16 0.04 0.58 0.78 1.49 3.24 1.34 27.64 
Quilcayhuanca 26.89 0.04 5.76 0.93 1.16 3.36 1.31 39.45 
Quilcayhuanca 42.60 0.03 16.07 1.27 0.97 4.44 2.34 67.72 
Paron 8.12 0.09 0.30 0.00 1.16 0.21 0.00 9.87 
Paron 10.20 0.06 0.40 0.00 0.36 0.16 2.57 13.75 
Paron 7.31 0.13 0.23 0.00 0.00 0.00 0.00 7.67 
Llaca 11.74 0.23 0.88 0.00 0.00 0.00 0.00 12.84 
Cojup 0.85 0.10 0.15 0.00 0.00 0.00 0.00 1.10 
Cojup 0.94 0.13 0.10 0.00 0.00 0.00 0.00 1.17 
Ulta 9.85 0.22 0.80 0.00 0.00 0.36 0.00 11.23 
Ulta 35.60 0.15 3.47 0.00 1.21 1.21 14.00 55.64 
Ulta 0.77 0.07 0.15 0.00 0.00 0.00 0.00 0.98 
Ulta 14.67 0.09 1.42 0.00 0.42 0.36 3.49 20.44 
Ulta 11.13 0.12 1.02 0.00 0.00 0.35 0.00 12.62 
Ishinca 4.12 0.09 0.17 0.00 0.00 0.20 0.00 4.59 
Ishinca 4.06 0.09 0.15 0.00 0.00 0.21 0.00 4.51 
Ishinca 1.66 0.09 0.21 0.00 0.00 0.18 0.00 2.15 
Ishinca 12.75 0.14 1.06 0.00 0.00 0.60 0.00 14.55 
Ishinca 7.66 0.11 0.51 0.00 0.00 0.39 0.00 8.67 
Ishinca 4.82 0.13 0.38 0.00 0.00 0.34 0.00 5.67 
Llanganuco 0.38 0.11 0.03 0.00 0.00 0.00 0.00 0.52 
Llanganuco 0.28 0.11 0.00 0.00 0.00 0.47 0.00 0.85 
Llanganuco 15.11 0.15 1.35 0.00 1.37 0.36 0.00 18.34 
Llanganuco 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Llanganuco 0.74 0.09 0.05 0.00 0.00 0.00 0.00 0.88 






Figure SI-1: Response of major taxa, total abundance, EPT abundance, and percent EPT to CCU-Tot. 





Figure SI-2: Response of major taxa, total abundance, EPT abundance, and percent EPT to CCU-Dis. 





Figure SI-3a: Spatial distributions of invertebrate abundances in northern sites (Paron, Llanganuco, and Ulta 




Figure SI-3b: Spatial distributions of invertebrate abundances in northern sites (Paron, Llanganuco, and Ulta 




Figure SI-4: Spatial distributions of field hydrochemistry measurements in northern sites (Paron, Llanganuco, 





Figure SI-5a: Spatial distributions of invertebrate abundances in southern sites (Ishinca, Llaca, Cojup, and 
Quilcayhuanca Valleys).  Color scale represents elevation (masl).  
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Figure SI-5b: Spatial distributions of invertebrate abundances in southern sites (Ishinca, Llaca, Cojup, and 




Figure SI-6: Spatial distributions of field hydrochemistry measurements in southern sites (Ishinca, Llaca, Cojup, 
and Quilcayhuanca Valleys).  Color scale represents elevation (masl).  
  
